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•  The  nanospindles  are  assembled  by  nanoparticles  as  primary  building  blocks. 

•  The  Fe203  synthesized  in  this  strategy  is  firstly  used  as  an  anode  material  for  LIBs. 
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Fe203  nanospindles  assembled  with  nanoparticles  as  primary  building  blocks  are  directly  synthesized  by 
a  versatile  ionothermal  strategy  in  the  choline  chloride/urea  mixture-based  deep  eutectic  solvent  system. 
The  proposed  ionothermal  protocol  is  attractive  and  environmental  friendly  because  choline  chloride 
and  urea  are  both  naturally  biocompatible  compounds.  As  an  anode  material  for  lithium-ion  batteries, 
the  resultant  Fe203  nanospindles  show  high  capacity  and  good  cycle  stability  (921.7  mAh  g_1  at  a  current 
density  of  200  mA  g_1  up  to  50  cycles),  as  well  as  the  excellent  rate  capability.  The  good  electrochemical 
performance  can  be  attributed  to  the  nanospindle  structure  with  high  sufficient  interfacial  contact  area 
between  the  active  material  and  electrolyte,  the  short  diffusion  distance  of  Li  ions.  The  environmentally 
benign  strategy  proposed  in  this  study  is  expected  to  offer  an  attractive  technique  for  the  ionothermal 
synthesis  of  electrochemical  energy  storage  materials. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nowadays,  due  to  the  ever-growing  concerns  about  the  limited 
energy  supplies  and  environment  pollution,  there  is  a  greatly 
increased  demand  for  green  and  efficient  energy  storage  devices 
[1],  Lithium  ion  batteries  (LIBs)  have  attracted  lots  of  attention  in 
both  scientific  and  industrial  fields  due  to  their  high  energy  density, 
long  cycle  life  and  good  environmental  benignity  [2,3],  The  next 
generation  of  LIBs  is  expected  to  develop  superior  performance  in 
terms  of  capacity,  cycling  stability,  rate  capability,  cost  and  safety  to 
meet  the  demand  of  new  emerging  technologies  [4],  This  goal 
significantly  relies  on  exploring  alternative  anode  materials  for 
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commercial  graphitic  carbon  that  has  a  theoretical  capacity  of  only 
372  mA  h  g  ,  which  play  a  key  role  in  LIBs'  electrochemical  per¬ 
formance.  Among  the  available  anode  materials,  hematite  (Fe203)  is 
regarded  as  a  potential  anode  material  candidate  for  next  genera¬ 
tion  LIBs  due  to  its  high  theoretical  capacity  (1007  mA  h  g_1),  eco- 
friendliness,  low  cost,  natural  abundance  and  high  resistance  to 
corrosion  [5—12], 

Bulk  transition  metal  oxides  generally  suffer  from  poor  kinetics 
and  serious  capacity  fade  upon  cycling,  even  at  rather  low  rates 
[13],  Generally  speaking,  compared  with  bulk  materials,  nano-sized 
materials  can  possess  distinct  electrochemical  properties  and 
exhibit  improved  lithium  storage  performance  arising  from  the 
large  surface-to-volume  ratio  and  small  dimensions  [14],  Nowa¬ 
days,  various  types  of  nano-architectures  have  been  employed  as 
anode  materials  to  improve  the  durability  and  high  rate  capability 
of  Fe203,  such  as  nanospindles  [15],  nanoflowers  [16],  nanoparticles 
[17],  microspheres  [18],  nanorods  [6],  nanotubes  [19  and  so  on. 
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Recently,  the  use  of  ionic  liquids  (ILs)  in  inorganic  synthesis  has 
attracted  increasing  attention  due  to  their  particular  properties  of 
negligible  vapor  pressures,  wide  liquidus  ranges,  good  thermal 
stability,  tunable  solubility  for  both  organic  and  inorganic  mole¬ 
cules,  and  much  synthetic  flexibility,  which  makes  them  environ¬ 
mentally  suitable  for  the  green  chemistry  [20,21  .  Also  ILs  are  a 
family  of  non-conventional  molten  salts  that  can  act  as  templates 
and  precursors  to  inorganic  materials,  as  well  as  solvents  [22], 
Abbott  and  co-workers  firstly  described  the  applications  of  a  rela¬ 
tively  new  class  of  ILs  based  on  a  eutectic  mixture  of  choline 
chloride  (ChCl)  with  a  hydrogen  bonded  donor  species,  which  is 
named  as  a  deep  eutectic  solvent  (DES)  [23].  Our  group  has  done 
the  work  about  using  the  DES  as  a  solvent  in  the  electrodeposition 
of  nanostructured  metals  [24—26],  metal  oxides  [27,28]  and  ion- 
othermal  synthesis  of  nanocrystals  [29,30].  However,  to  the  best  of 
our  knowledge,  the  synthesis  of  Fe203  via  one  facile  ionothermal 
route  used  as  an  anode  material  for  LIBs  has  not  been  reported. 
Herein,  the  Fe203  nanospindles  assembled  with  nanoparticles  as 
primary  building  blocks  are  directly  synthesized  by  a  facile  and 
environmentally  friendly  one-step  synthetic  route  in  the  ChCl/urea 
mixture-based  DES  system.  This  Fe2C>3  nanospindles  configuration 
possesses  the  following  features:  high  sufficient  interfacial  contact 
area  between  the  active  material  and  electrolyte,  the  short  diffusion 
distance  of  Li  ions,  which  contribute  to  the  good  electrochemical 
lithiation/delithiation  performance  of  the  as-prepared  Fe2C>3 
nanospindles. 

2.  Experimental 

2.3.  Preparation  of  FegOg  nanospindles 

ChCl  (AR,  Aladdin)  and  urea  (AR,  Aladdin)  were  used  as  received. 
The  ChCl/urea  mixture-based  DES  was  prepared  by  stirring  the  two 
components  in  a  molar  ratio  of  1  (ChCl):  2  (urea)  at  80  °C  until  a 
homogeneous  colourless  liquid  was  formed.  The  DES  containing 
0.1  M  FeCl3-6H20  was  used  as  the  reaction  solution.  After  the 
temperature  reached  200  °C,  40  ml  solution  was  heated  in  a  three- 
neck  flask  while  it  was  kept  under  ambient  atmospheric  pressure 
by  keeping  the  mouth  open.  After  reaction  for  min,  40  ml  deionized 
water  (DIW)  was  quickly  added  into  the  solution  with  vigorous 
magnetic  stirring.  After  another  reaction  time  of  10  min,  the  flask 
was  taken  out  and  cooled  rapidly  in  an  ice  bath.  The  black  precip¬ 
itate  was  washed  with  methanol  and  water  several  times  and 
centrifuged,  and  finally  dried  at  80  °C  in  an  oven  overnight. 

2.2.  Characterization 

The  morphology  and  microstructure  of  the  product  was  char¬ 
acterized  by  X-ray  diffractometer  (XRD,  Rigaku  D/max  2550  PC, 
CuKcr),  scanning  electron  microscopy  (SEM,  Hitachi  S-4800  and 
FESEM,  FEI  Sirion-100)  and  transmission  electron  microscopy 
(TEM,  JEM  200CX  at  160  kV,  Tecnai  G2  F30  at  300  kV)  and  X-ray 
photoelectron  spectroscopy  (XPS,  Thermo  ESCALAB  250Xi,  AlKa). 

2.3.  Electrochemical  investigation 

The  electrochemical  tests  were  evaluated  using  a  coin-type  half 
cell  (CR  2025).  The  slurry  consisted  of  85  wt.%  Fe2C>3  nanospindles, 
10  wt.%  acetylene  black  and  5  wt.%  polyvinylidene  fluoride  (PVDF) 
dissolved  in  N-methyl  pyrrolidinone  (NMP),  which  was  then  pasted 
on  copper  foil,  and  dried  at  90  °C  for  24  h  in  vacuum.  Test  cells  were 
assembled  in  an  argon-filled  glove  box  with  the  metallic  lithium 
foil  as  the  counter  electrode,  1  M  LiPFg  in  ethylene  carbonate  (EC)- 
dimethyl  carbonate  (DME)  (1:1  vol)  as  the  electrolyte,  and  a  poly¬ 
propylene  (PP)  micro-porous  film  (Cellgard  2300)  as  the  separator. 


The  galvanostatic  charge— discharge  measurements  were  con¬ 
ducted  on  a  LAND  battery  program-control  test  system  at  various 
current  densities  over  a  voltage  range  of  0.01—3.0  V  at  room  tem¬ 
perature  (25  ±  1  °C).  Cyclic  voltammetry  (CV)  was  performed  on  the 
CHI660C  electrochemical  workstation  in  the  potential  range  of 
0—3.0  V  (vs.  Li+/Li)  at  a  scanning  rate  of  0.1  mV  s  .  In  the  elec¬ 
trochemical  impedance  spectroscopy  (EIS)  measurement,  the 
excitation  voltage  applied  to  the  cells  was  5  mV  and  the  frequency 
range  was  from  100  kHz  to  10  mHz.  The  load  weight  of  Fe2C>3  is 
about  1.25  mg  cm~2.  The  average  thickness  of  Fe2C>3  is  about  60  pm. 

3.  Results  and  discussion 

Fig.  1  reveals  the  XRD  pattern  of  the  collected  product  obtained 
in  the  ChCl/urea  mixture-based  DES  system  without  further  heat 
treatment.  All  the  diffraction  peaks  can  be  well  indexed  to  pure 
rhombohedral  Fe203  (JCPDF  card  No.  33-0664),  and  the  as- 
prepared  Fe203  presents  good  crystallinity.  The  Fe203  powder  is 
further  characterized  by  XPS.  Fig.  2  shows  the  Fe  2p  core  level  XPS 
spectrum.  Two  main  peaks,  located  at  711.0  and  724.6  eV,  corre¬ 
spond  to  Fe  2p3/2  and  Fe  2pi/2,  respectively,  which  matches  well 
with  the  reported  values  observed  for  Fe203  [31]. 

Fig.  3a  shows  a  typical  low  magnification  SEM  image  of  the  as- 
synthesized  Fe203  powder.  All  the  particles  are  uniform  spindles 
alike.  The  average  size  of  the  Fe2C>3  nanospindles  is  approximately 
180  nm  along  its  major  axis  and  approximately  80  nm  along  its 
minor  axis.  Further  observation  of  the  Fe2C>3  nanospindles  exhibits 
that  the  surfaces  of  the  nanospindles  are  rough  (Fig.  3b),  composed 
of  closely  packed  nanoparticles  as  primary  building  blocks.  Fig.  3c 
shows  a  typical  TEM  image  of  the  Fe2C>3  nanospindles,  which 
confirms  that  the  nanospindles  are  with  a  narrow  size  distribution. 
The  relatively  high-magnification  TEM  image  in  Fig.  3d  shows  that 
the  tiny  packed  nanoparticles  are  with  a  diameter  of  about  5  nm. 
HRTEM  and  selected  area  electron  diffraction  (SAED)  are  also  taken 
to  get  insight  into  the  microstructure  of  the  Fe2C>3  nanospindles. 
Fig.  3e  is  the  HRTEM  image  taken  from  the  side  of  a  nanospindle,  in 
which  the  clear  atomic  lattice  fringes  can  be  seen.  The  distance 
between  adjacent  lattice  planes  is  measured  at  about  0.25  nm, 
which  is  in  good  agreement  with  the  (110)  plane  of  Fe203.  Fig.  3f 
presents  the  SAED  pattern  of  a  single  nanospindle,  which  shows  the 
single-crystalline  nature.  It  is  suggested  that  the  primary  nano¬ 
particles  are  highly  oriented,  resulting  in  the  single-crystal  feature 
of  Fe2C>3  nanospindles. 


2  Theta  (degree) 

Fig.  1.  XRD  pattern  of  Fe203  nanospindles. 
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Binding  energy  (eV) 

Fig.  2.  XPS  Fe  2p  core-level  spectra  of  Fe203  nanospindles. 


According  to  the  experimental  results  shown  above,  we  propose 
a  possible  chemical  reaction  for  the  ionothermal  synthesis  of  Fe203 
nanospindles,  which  is  described  as  follows: 

CO(NH2)2  ->■  NH3  +  HCNO  (1) 

FeCl3  +  NH3  ->  Fe(NH3)2Cl3  (2) 

Fe(NH3)2Cl3  +  H20  -►  Fe203  +  NH4C1  (3) 

As  the  mixed  Fe3+/CU  solution  is  heated  under  unsealed  con¬ 
dition,  the  ammonia  is  released  from  the  urea  in  DES  system  as 
shown  in  Eq.  (1).  Due  to  the  anhydrous  solution,  FeCl3  would  react 
with  NH3.  The  reaction  process  is  shown  in  Eq.  (2)  and  Fe(NFl3)2Cl3 
would  be  formed.  Even  though  the  solution  changed  the  color  to 
brown,  the  iron  ion  would  not  precipitate  under  this  condition. 
After  adding  a  small  amount  of  DIW  into  the  hot  mixed  solution, 
Fe(NH3)2Cl3  could  react  with  the  H20  to  form  Fe203  as  showed  in 
Eq.  (3)  and  some  deep  brown  products  could  precipitate  out 
immediately.  Afterward,  the  newly  formed  Fe203  nanocrystals 
aggregate  into  spindles,  driven  by  reducing  the  total  surface  energy. 
During  the  aggregation  process,  the  adjacent  primary  nanocrystals 
align  in  an  orderly  way  by  an  oriented-attachment  mechanism  so 
that  the  particles  share  a  planar  interface  in  a  common 


Fig.  3.  (a,  b)  SEM  images  of  Fe203  nanospindles;  (c,  d)  TEM  images  of  Fe203  nanospindles;  (e)  HRTEM  image  of  Fe203  nanospindles;  (f)  The  corresponding  SAED  patterns  of  Fe203 
nanospindles. 
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crystallographic  orientation  [32],  Therefore,  the  formed  nano¬ 
spindles  present  a  single-crystal  characteristic.  In  our  DES  system, 
The  Fe2C>3  nanospindles  assembled  by  tiny  nanoparticles  are  with  a 
narrow  size  distribution  as  shown  in  the  histogram  of  the  size 
distribution  (Fig.  SI),  which  can  be  attributed  to  the  following  two 
reasons.  Firstly,  the  DIW  was  added  as  a  reagent  when  the  solution 
had  already  been  heated  to  200  °C,  which  resulted  in  a  rather  quick 
nucleation  process.  Secondly,  the  CU  system  has  very  strong 
hydrogen  bond  interactions  [33 j.  When  the  DIW  was  added,  it 
could  be  homogeneously  dispersed  in  the  solution.  That  could 
avoid  the  agglomeration,  which  would  not  happen  in  an  aqueous 
solution.  In  this  case,  uniform  Fe203  nanospindles  are  obtained. 

In  view  of  the  potential  application  of  Fe203  nanospindle  elec¬ 
trode  in  LIBs,  we  investigated  its  ability  to  reversibly  react  with  Li 
ions.  Fig.  4a  shows  the  CV  curves  of  the  Fe203  nanospindles  from 
the  1  st  to  3rd  cycle  at  a  scan  rate  of  0.1  mV  s_1  in  the  potential  range 
from  0  to  3.0  V.  There  are  two  peaks,  including  a  tiny  peak  at  1.5  V 
and  an  intensive  one  at  0.6  V,  in  the  first  cathodic  scan  for  the  Fe2C>3 
nanospindles,  which  can  be  attributed  to  the  lithium  insertion  into 
the  crystal  structure  of  Fe203  (the  formation  of  cubic  Li2Fe203)  and 


the  reduction  from  Fe2+  to  Fe°  accompanied  with  irreversible 
decomposition  reaction  of  electrolyte,  respectively  [6,34],  During 
the  first  anodic  process,  a  broad  peak  is  present  at  1.75  V,  corre¬ 
sponding  to  the  reversible  oxidation  from  Fe°  to  Fe3+  [19],  During 
the  subsequent  cycles,  the  reduction  peak  potential  shifts  to  0.8  V 
while  the  oxidation  peak  position  is  almost  the  same.  This  is  due  to 
the  reduced  polarization  induced  by  small  size  of  the  electro¬ 
generated  nanograins.  Importantly,  the  shape  of  CV  curves  in  the 
following  cycles  remains  similar  to  that  of  the  second  cycle  with 
very  small  decrease  in  the  integrated  area,  revealing  the  good 
reversibility  of  lithium  storage  of  the  Fe2C>3  nanospindle  electrode. 
Fig.  4b  shows  the  first  three  galvanostatic  charge— discharge  curves 
for  the  Fe203  nanospindle  electrode  between  0.01  and  3.0  V  at  a 
current  density  of  200  mA  g_1.  In  the  first  discharge  curve,  a  poorly 
defined  plateau  (1.7—0.85  V)  and  a  perfect  one  at  0.8  V  are  clearly 
observed.  The  first  plateau  can  be  ascribed  to  the  formation  of  cubic 
Li2Fe203,  and  the  second  is  attributed  to  the  reduction  from  Fe2+  to 
Fe°  and  the  formation  of  amorphous  Li20  35],  which  is  agreement 
with  the  above  CV  analysis.  The  two  plateaus  are  followed  by  a 
continuous  sloping  curve  down  to  the  cut  voltage  of  0.01  V. 
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Fig.  4.  (a)  CV  curves  of  Fe203  nanospindles  for  the  first  three  cycles  at  a  scan  rate  of  0.1  mV  s-1  in  the  potential  range  of  0-3.0  V  (vs.  Li/Li+);  (b)  Charge-discharge  profiles  of  Fe203 
nanospindles  between  0.01  and  3.0  V  at  a  current  density  of  200  mA  g-1;  (c)  Cycling  performance  of  the  Fe203  nanospindles  at  a  current  density  of  200  mA  g-1;  (d)  Rate  per¬ 
formance  of  the  Fe203  nanospindles  at  current  densities  of  100  mA  g_1  to  2000  mA  g-1;  (e)  Charge-discharge  profiles  of  Fe203  nanospindles  between  0.01  and  3.0  V  at  current 
densities  from  100  mA  g-1  to  2000  mA  g_1. 
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Previous  works  have  concluded  that  reversible  formation  and 
dissolution  of  a  gel-like  film  on  the  surface  of  the  active  oxide 
particles  occur  at  low  potential  [36,37].  In  the  charging  curve,  since 
the  solid  electrolyte  interface  (SEI)  film  should  be  stable  below 
1.8  V,  the  two  slopes  from  1.2  to  1.8  V  and  from  1.8  to  3.0  V 
correspond  to  partial  oxidation  of  Fe  to  intermediates,  combined 
contribution  of  reversible  dissolution  of  SEI  film  and  the  oxidation 
of  the  intermediates  back  to  Fe2C>3,  respectively  38],  The  first 
discharge  and  charge  capacities  are  1265.8  and  1087.3  mAh  g_1  for 
the  Fe2C>3  nanospindles,  corresponding  to  an  initial  columbic  effi¬ 
ciency  of  85.9%.  The  extra  capacity  compared  with  the  theoretic 
capacity  results  from  the  formation  of  SEI  film  and  an  interfacial 
charging  mechanism,  where  Li  ions  and  electrons  can  be  stored  at 
the  interface  between  electrochemically  generated  nanometal  and 
U2O  [39,40].  However,  the  irreversible  capacity  loss  in  the  first  cycle 
can  be  attributed  to  the  formation  of  SEI  film,  the  decomposition  of 
the  electrolyte  and  the  formation  of  irreversible  Li20  [41,42],  Be¬ 
sides,  during  the  discharge— charge  process,  the  inherent  poor 
electrical/ionic  conductivity  of  the  Fe203/Fe/Li20  matrix  formed 
may  also  cause  irreversible  lithium  loss  [43], 

The  capacity  versus  cycle  number  plot  of  the  Fe203  nanospindle 
electrode  at  the  current  density  of  200  mA  g_1  is  shown  in  Fig.  4c. 
As  can  be  seen,  the  discharge  capacity  decreases  during  the  first  10 
cycles,  and  thereafter  shows  an  increase  up  to  the  50th  cycle  and 
reaches  921.7  mAh  g_1.  Such  a  phenomenon  of  the  capacity 
increasing  during  cycling  process  has  been  found  in  many  iron 
oxides  and  other  transition  metal  oxide  anode  materials  [44—46], 
Most  of  the  works  ascribe  the  increasing  capacity  to  the  reversible 
growth  of  the  polymeric  gel-like  film,  which  results  from  the 
kinetically  activated  electrolyte  degradation  [47,48],  It  is  also  clear 
from  the  coulombic  efficiency  it  is  steady  and  higher  than  99%  after 
the  5th  cycle.  In  addition  to  the  good  cycling  performance,  the 
Fe2C>3  nanospindle  electrode  also  exhibits  significantly  high  rate 
capability  as  shown  in  Fig.  4d.  It  can  be  seen  that  the  capacities  are 
perfectly  stable  at  the  given  current  densities.  With  increasing  the 
current  density  from  100  mA  g_1  to  2000  mA  g~\  the  discharge 
capacities  decrease  gradually,  indicating  the  diffusion-controlled 
kinetics  process  for  the  electrode  reaction  [49],  The  discharge  ca¬ 
pacities  reach  to  1049.0,  919.0,  800.9,  750.9  and  712.2  mAh  g~\  at 
current  densities  of  100,  200,  500, 1000, 1500  mA  g_1.  Even  at  the 
current  density  as  high  as  2000  mA  g_1,  the  electrode  can  still 
deliver  a  capacity  of  640.1  mAh  g  .  Fig.  4e  shows  the  representa¬ 
tive  discharge— charge  voltage  profiles  of  the  Fe2C>3  nanospindle 
electrode  at  various  current  densities  ranging  from  100  mA  g_1  to 
2000  mA  g_1.  When  the  current  density  increases,  the  over¬ 
potential  of  the  electrode  is  higher  with  lower  discharge  plateau 
and  higher  charge  potential,  which  are  due  to  the  kinetic  effects  of 
the  material  [50].  However,  the  discharge  and  charge  curves  at 
different  current  densities  still  keep  a  similar  shape  and  the  elec¬ 
trode  delivers  rather  high  capacity,  suggesting  the  good  rate  per¬ 
formance  of  the  Fe2C>3  nanospindles.  To  the  best  of  our  knowledge, 
the  Fe203  nanospindles  synthesized  in  our  experiment  shows 
better  rate  retention  and  cycling  capability  than  those  in  the  pub¬ 
lished  works  before  [18,33,34,51,52].  Compared  with  other  transi¬ 
tion  metal  oxides,  even  their  composites,  the  electrochemical 
performance  of  Fe203  nanospindles  is  also  better,  like  the  CU2O 
[53],  Co3C>4/grapheme  [54],  SnCh/Cu  [55],  The  good  cycling  per¬ 
formance  and  rate  capability  are  attributed  to  the  high  electro¬ 
chemical  activity  and  stability  of  spindle  nanostructure.  Also  the 
high  capacity  achieved  at  a  high  rate  implies  that  this  type  of 
electrode  can  be  a  promising  candidate  for  high  power  applications. 

In  order  to  further  address  the  issue  of  the  capacity  increasing, 
we  investigated  the  EIS  test  of  the  electrode  at  0.01  V  at  the 
discharge  state  in  the  2nd  and  50th  cycles.  In  this  experiment,  the 
impedance  data  are  analyzed  by  fitting  the  equivalent  electrical 


circuit  as  shown  in  Fig.  5a,  where  Rq,  Rf  and  Rc  indicate  electrolyte 
resistance,  surface  film  resistance  and  charge  transfer  resistance, 
respectively;  C/  and  Q  stand  for  the  corresponding  capacitances  of 
Rf  and  Rc\  and  W  represents  the  diffusion-controlled  Warburg 
impedance.  Herein,  the  fyand  C/reflect  the  SEI  layer  whereas  Rc  and 
Qj  are  related  to  the  electrochemical  reaction  and  lithium  ion 
diffusion  in  the  electrode.  And  the  former  corresponds  to  the  first 
semicircle  in  the  high  frequency  region,  while  the  latter  to  the 
second  semicircle  [56].  In  Fig.  5b,  the  symbols  are  the  experimental 
data  and  the  continuous  lines  represent  the  fitted  spectra.  The 
Nyquist  plots  of  the  electrode  in  the  2nd  and  the  50th  cycle  are 
totally  different.  There  is  only  a  single  broad  semicircle  in  the  high 
frequency  region  in  the  2nd  discharge  state,  while  two  semicircles 
are  observed  in  the  50th  discharge  state.  The  difference  can  be 
attributed  to  the  formation  of  the  polymeric  gel-like  film.  The 
formed  gel-like  film  is  an  electrochemically  active  layer,  which  is 
swollen  by  the  electrolyte,  thus  enabling  ion  transport  to  the  film. 
For  the  electrochemical  process,  it  mainly  needs  both  ions  and 
electrons.  The  reduced  Fe  nanoparticles  can  provide  a  conducting 
path  for  electron  transport  while  the  Li  ions  can  come  from  the 
electrolyte  once  they  cross  the  gel-like  film.  The  resistance  and 
capacitance  of  polymeric  gel-like  film  are  smaller  than  Rc  and  Q  at 
the  beginning  of  the  discharge— charge  process,  thus  nothing  can  be 
found  in  Nyquist  plots.  The  result  confirms  the  growth  of  polymeric 
gel-like  film  with  cycling  and  the  above  proposed  mechanism  of 
capacity  increasing  [48,57], 

To  further  confirm  the  formation  of  the  polymeric  gel-like  film, 
the  electrodes  were  examined  with  TEM  technique.  The  corre¬ 
sponding  TEM  images  shown  in  Fig.  6  reveal  a  reversible  formation/ 
dissolution  of  the  polymeric  gel-like  film  on  the  surface  of  the  Fe203 
material  during  the  discharge— charge  process.  Fig.  6a  shows  the 
high-magnification  image  near  the  surface  of  the  nanoparticle  after 


(a)  r„ 
— W\A 


c,  cd 


— 11 — 

- 11 - 

S\AAA- 

Rf  Rc  w 


Fig.  5.  (a)  The  equivalent  circuit;  (b)  Nyquist  plots  of  Fe203  nanospindle  electrode  at 
the  discharge  state  of  0.01  V  in  the  2nd  and  50th  cycle  in  the  frequency  range  from 
100  kHz  to  10  mHz. 
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Fig.  6.  TEM  images  of  the  Fe203  nanospindle  after  cycling:  (a)  after  25th  discharge;  (b)  after  25th  charge. 


the  25th  discharge  state  to  0.01  V.  As  can  be  seen,  the  polymeric 
gel-like  film  with  a  thickness  of  about  7  nm  is  formed.  Two  possi¬ 
bilities  can  be  proposed  bearing  in  mind  that,  the  active  materials 
are  surrounded  by  the  polymeric  gel-like  film.  The  first  one  is  that 
the  polymer  film  tightly  binds  the  Fe  particles  ensuring  an  elec¬ 
tronic  conducting  path  with  the  reduced  Fe  nanoparticles.  The 
second  and  most  likely  one  is  that  the  polymeric  gel-like  film  that 
formed  around  each  nanoparticle  during  the  discharging  process  is 
a  weak  electronic  conductor.  And  the  polymeric  gel-like  film  layer 
almost  disappears  after  25th  full  charging  to  3.0  V  shown  in  Fig.  6b. 
Similar  results  are  also  founded  by  Tarascon  et  al.  [38,48,58],  The 
observation  illuminates  that  the  growth  of  polymeric  gel-like  film 
during  cycling  contributes  to  the  increase  of  capacity. 

4.  Conclusions 

In  summary,  we  report  a  one-step  ionothermal  route  to  fabricate 
Fe2C>3  nanospindles  in  the  ChCl/urea  mixture-based  DES  system. 
The  as-prepared  Fe2C>3  nanospindles  exhibit  high  capacity,  good 
cycle  stability  (921.7  mAh  g_1  at  the  current  density  of  200  mA  g_1 
up  to  50  cycles)  and  high  rate  capability  (640.1  mAh  g_1  at  the 
current  density  of  2000  mA  g_1 )  as  an  anode  material  in  LIBs,  due  to 
the  rather  high  interfacial  contact  area  between  the  active  material 
and  electrolyte,  short  Li  ion  diffusion  distance.  The  environmentally 
benign  strategy  proposed  in  our  work  is  suggested  as  a  promising 
method  for  the  ionothermal  synthesis  of  energy  storage  materials. 
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